. Two recent studies reported that long-term exposure to fine particulate air pollution was associated with increased risk of mortality-even after directly controlling for individual differences in age, gender, race, cigarette smoking, and other risk factors (2, 3) . Daily time-series studies have also observed associations between short-term (usually [1] [2] [3] [4] [5] days) changes in particulate air pollution and daily mortality as well as various measures of acute morbidity such as respiratory and cardiovascular hospital admissions, emergency department visits, exacerbation of asthma, increased respiratory symptoms, and lung function. The qualitative and quantitative consistency of this epidemiologic evidence has been summarized in several reviews (4) (5) (6) (7) (8) .
Probably the most controversial finding of these studies is the association between daily mortality and particulate pollution. An important concern regarding the daily time-series mortality studies is the potential for confounding by weather variables. Regression models were statistically estimated to evaluate effects of pollution while simultaneously controlling for season and a limited number of weather variables-usually only temperature and humidity. Statistically significant associations with mortality were usually observed for both particulate pollution and weather variables. Temperature-mortality relationships were typically nonlinear with the largest weather effects at temperature extremes. Estimated exposure-response relationships between particulate pollution and mortality were usually monotonic and approximately linear, even at relatively low concentrations.
An alternative approach to control for weather and climate on human health implies that only one or two weather variables such as temperature and humidity may not be adequate to control fully for the effects of weather. It is possible that the selection of these two variables, and the use of subjective cutoff points to determine extreme weather days, might not be adequate to remove completely the confounding impact of weather in a particulate-mortality analysis. A "synoptic climatological approach" to model climate as a holistic unit composed of multiple meteorological elements has been proposed (9) (10) (11) (12) . This approach implies that organisms respond to the interaction of numerous meteorological elements which interact simultaneously, and typical "air masses," which represent frequently occurring meteorological complexes, can be identified for a locale in an automated fashion. Thus, potential weather thresholds and synergistic interactions between a variety of weather variables can be evaluated with a greater degree of precision.
The analysis reported in this paper is motivated by continued concerns that associations between daily mortality and particulate pollution may be due to residual confounding of weather, and by disagreements about the efficacy of various approaches to control for potential weather effects. The primary objective of this analysis is to use a synoptic climatological approach to control for weather effects in a well-defined daily time-series mortality data set and to answer three principal questions: 1) Does this synoptic approach do a better job of controlling for weather than previously used alternative approaches? 2) Is the size of the estimated pollution-mortality effect sensitive to alternative approaches to controlling for weather? and 3) Is the shape of the exposure-response relationship between particulate pollution and mortality affected by alternative approaches to controlling for weather?
Methods

Study Area
The bulk of Utah's population resides on a relatively narrow strip of land commonly referred to as the "Wasatch Front." This land area is approximately 10-15 miles wide from east to west and 80 miles long from north to south; it is bordered on the east by the Wasatch mountain range and on the west largely by the Great Salt Lake and Utah Lake. There are three distinct metropolitan areas on the Wasatch Front: the city of Ogden and surrounding communities to the north, Salt Lake City and surrounding communities located in the center, and several contiguous cities including Provo and Orem to the south. Because of its proximity with the Great Salt Lake, the part of the Wasatch Front that includes Salt Lake City is often referred to as "Salt Lake Valley." Because of its proximity with Utah Lake, the southern part of the Weather data were obtained from two sources. A limited number of weather variables, including daily low temperature and low relative humidity, were obtained from the Brigham Young University weather station. The more intensive weather data required to develop synoptic weather categories were obtained from the Salt Lake City International Airport first-order weather station (14) . As air masses cover large contiguous areas, the entire Wasatch Front is within the same air mass type on any given day. The day-to-day passage of fronts and movement of pressure systems permits different air masses to intrude into the valley, though some may remain for a number of consecutive days.
Synoptic Weather Categories
An automated air mass-based synoptic climatological index was developed for the region from the Salt Lake City weather data to categorize each day into its particular synoptic weather category (SWC). The synoptic procedure used here, known as the temporal synoptic index (TSI), is designed to group days into particular air masses; thus these days possess similar and distinctive thermodynamic character (15) . Grouping is accomplished by defining each day in terms of seven readily available meteorological elements, which include air temperature, dewpoint temperature, visibility, total cloud cover, sea-level air pressure, wind speed, and wind direction. These elements are measured four times daily (0100, 0700, 1300, 1900 hr local standard time), and the developed 28 variables represent the basis for categorization.
TSI uses nonrotated principal components analysis (PCA), a factor analysis technique that rewrites the original meteorological data matrix into a new set of components that are linearly independent and ordered by the amount of variance they explain. A detailed explanation of this procedure is given by Kalkstein et al. (16) . Component loadings are then calculated, which express the correlation between the original 28 variables and the newly formed components. Each day is then expressed by its particular set of "component scores," which are weighted summed values whose magnitudes are dependent on the weather observation for each day and the principal component loading. Thus, days with similar meteorological conditions will tend to exhibit proximate component scores.
A hierarchical, agglomerative clustering procedure is then used to group those days with similar component scores into meteorologically homogeneous groups. This procedure, known as "average linkage clustering," is best-suited when the number of air mass categories to be developed is not predetermined (17) . Grouping is based on a measure of similarity between pairs of objects (days); guidelines are provided to 1989. The indicator variables for seasons and the quintile of weather variables allowed for nonlinear, "stair-step" relationships to be estimated. The parametric Poisson models were estimated using the GENMOD procedure of SAS/STAT statistical software (21) . Likelihood ratio tests were used to evaluate if the inclusion of seasonal and weather indicators significantly improved the models' ability to explain mortality (22.
Second, a series of nonparametric or generalized additive models (GAM) (23) was estimated. For the nonparametric Poisson models, pollution variables were included as linear variables in the models. However, rather than use indicator variables for years and months to account for time trends and seasonality, these models were fit using local regression smoothing of time. Similarly, rather than using indicator variables for different ranges of temperaVolume 104, Number 4, April 1996 * Environmental Health Perspectives tures and humidity to account for nonlinear associations with these variables, some of these models were fit using local regression smoothing of temperature and humidity. These models were compared with models that used local regression smoothing of time but indicator variables for synoptic categories.
Models were estimated using subsets of the data restricted to cold periods (October-March) only and warmer periods (April-September) only. Based on early results (24,25) the pollution variable used in most of the models was a 5-day lagged moving average of PM1O (the mean of the nonmissing values of PMIO for the concurrent day and previous 4 days). However, this specific lag structure was further evaluated by estimating models with different lag structures for PM10. The basic analysis controlled for weather using synoptic categories for the concurrent day, but a series of models using synoptic categories for prior days was estimated. Also, lagged moving average models for indicator variables for synoptic categories were estimated. In these models the binary (zero/one) indicator variable for a synoptic category on a given day was replaced by a moving average score. For example, the score for a synoptic category using a 4-day lagged moving average would equal 1, 0.75, 0.50, 0.25, or 0 if that category occurred during 4, 3, 2, 1, or 0 of the 4 days (the concurrent and previous 3 days).
Finally, to specifically evaluate exposure-response relationship between PM10
and mortality, models were fit using local regression smoothing of PM1O. Environmental Health Perspectives * Volume 104, Number 4, April 1996 the synoptic categories are used to control for seasonality and other weather changes.
Similar results are observed with nonparametric models. In model 6, a nonparametric smooth of time is included to control for long-term time trend and seasonality. Statistically significant (p < 0.05) seasonal nonlinearity is observed for total and cardiovascular mortality. The estimated PM10-mortality effect is nearly identical to that estimated from model 2. In models 7 and 8 weather is controlled for by either nonparametric smooths of temperature and relative humidity or synoptic category indicators. The estimated PM10-mortality effects are similar to those estimated in the comparable parametric models (models 3, 4, and 5). Furthermore, similar estimates of PM10-mortality effects are obtained when weather is controlled for using synoptic categories.
In Table 4 , PM10-mortality effect estimates are presented for models that control for temperature and humidity and models that control for synoptic categories after separating the data by cold and warm periods (models 9-12). For both periods, the PM10-mortality association is positive, but because most of the variability in PM10 pollution in Utah Valley occurs during winter months, the association is only statistically significant for the cold periods. In Table 4 , PM10-mortality effect estimates are presented from models that use different lagged times for PM10 (models [13] [14] [15] [16] [17] and for weather (models 18-23). Lagged averaging times of [1] [2] [3] [4] [5] [6] days are included in the models. Although the PM10-mortality association is positive for all lag times, the 5-day lagged moving average of PM1O fit the data best.
PM10-mortality effect estimates from models using different lag times for synoptic categories are estimated. Previous studies that evaluated mortality and synoptic categories have indicated that mortality is associated primarily with concurrent day weather or weather on the preceding one, two, or three days (12) . The estimated PM10-mortality association is not highly affected by the choice of lag structure used to control for synoptic categories (compare results of models 18-23 in Table 4 with model 8 in Table 3 ). The standard errors of the PM10-mortality coefficients are consistently smaller when weather is controlled for by using concurrent day synoptic categories versus alternative lag times.
The PM10-mortality exposureresponse relationship is determined more flexibly by fitting four nonparametric models after replacing the linear PM10 term with a locally weighted regression smooth of PM 1O The estimated exposure-response The observed PM10-mortality associations presented in Figure 2 are similar to those estimated in models that included PM1O as a linear term (models 1, 6, 7, and 8) . Also, as can be observed in Figure 2 , neither the size of the association, nor the shape of the dose-response relationship is highly affected by alternative approaches to controlling for weather, including the use of synoptic categories. For all of the models presented in Figure 2, One important limitation of this study is that the relative importance of weather observed in this study may not be generalizable to other areas. It is possible that in other cities, weather may be more important and potentially a more significant confounder of the PM10-mortality estimates.
In Utah Valley there may be less oppressive or offensive weather than some other places. While the valley does experience some hot summer weather, the valley does not experience extreme hot and humid weather conditions that occur in some other cities. Also, adequate housing in the valley likely mitigates exposure to extreme weather conditions and pollution. Another limitation of this study is lack of statistical power to evaluate weather and pollution effects separately by season. Synoptic categorization can be developed on a seasonby-season basis, resulting in a more weather-intensive analysis. Finally, it is important to replicate this analysis in other cities with different population characteristics and weather patterns.
Synoptic categorization provides a quality means to control for weather in mortality-pollution analyses. The procedure is based on the premise that the population responds to weather situations, rather than individual weather variables, a widely accepted notion in bioclimatological research. Thus, we think that synoptic categorization can be utilized successfully in similar studies for numerous locations where the more than 300 first-order weather stations in the U.S. are adjacent.
This analysis of the Utah Valley mortality data using synoptic categorization to control for weather continues to suggest an intriguing, statistically robust relationship between mortality and particulate air pollution. This study with various morbidity studies in Utah Valley, provide substantial evidence that respirable particulate pollution, some constituent of this pollution, or some pollutant that is closely associated with respirable particulate pollution, is an important risk factor for respiratory disease and cardiopulmonary mortality.
